The fueling of black holes is one key problem in the evolution of baryons in the universe. In previous work, we showed that chaotic cold accretion dramatically differs from classic gas accretion based on Bondi theory. Using 3D high-resolution hydrodynamic simulations, we now probe the impact of rotation on the hot and cold accretion flow in a typical massive galaxy. In the hot mode (when cooling or heating are negligible), the pressure-dominated flow forms a geometrically thick rotational barrier, suppressing the black hole accretion rate to about 1/3 of the spherical case value. Stirring the hot flow with subsonic turbulence results in similar suppression due to the local generation of vorticity. When radiative cooling is dominant, the gas loses pressure support against gravity and quickly circularizes in a cold thin disk. The accretion rate is low and decoupled from the cooling rate, albeit its level is higher than in the hot mode due to the gas condensation. In the more common state of a turbulent and heated atmosphere (where average cooling is quenched), chaotic cold accretion drives the dynamics as long as the gas velocity dispersion exceeds the rotational velocity, i.e. turbulent Taylor number Ta t < 1. Extended multiphase filaments condense out of the hot phase via thermal instability and rain toward the black hole, boosting the accretion rate up to 100 times the Bondi rate (Ṁ • ∼Ṁ cool ). Initially, turbulence broadens the angular momentum distribution of the hot gas, allowing the cold phase to condense with prograde or retrograde motion. Subsequent chaotic collisions between cold filaments, clouds, and a clumpy variable torus promote the cancellation of angular momentum, leading to high accretion rates. As turbulence weakens (Ta t > 1), the broadening of the distribution and the efficiency of collisions diminish, damping the accretion rate ∝ Ta t −1 , until the cold disk dominates the gas dynamics. This is exacerbated by the increased difficulty to grow nonlinear thermal instability in a halo dominated by rotation, as radial compression is inhibited by the centrifugal force. We propose the following cycle regulating the gaseous halos of massive galaxies, groups, and clusters. As gas begins to cool, chaotic cold accretion develops and boosts feedback heating. The cold mode is then reduced and the rotating disk remains the sole cold structure (Ta t > 1). Its consumption leaves the atmosphere in hot mode, which strongly suppresses accretion and feedback, allowing the cycle to start again.
INTRODUCTION & OBSERVATIONS
In current astrophysics, a marked disconnection exists between theoretical works focusing on the vicinity of supermassive black holes (SMBHs) and those studying the large-scale properties of the host (a massive elliptical, galaxy group or cluster). The former often employ idealized, constant boundary conditions, while the latter are forced to rely on semianalytic subgrid models. The intermediate zone, between a few 10 kpc of the host galaxy and the sub-pc core, is however a crucial region which often determines the fueling and feeding of the black hole.
In Gaspari et al. 2013b (hereafter GRO13), we aimed to fill this gap, showing that realistic turbulence, cooling, and heating affecting the hot gaseous halo, can dramatically change the accretion flow on to black holes, departing from the idealized picture of Bondi (1952) formula. As the cooling time becomes relatively low compared with the dynamical time (t cool < ∼ 10 t ff ), cold clouds and filaments condense out of the hot phase via nonlinear thermal instability (TI). Chaotic collisions promote the funneling of the cold phase toward the BH, leading to episodic spikes in the accretion rate up to ∼ 100× the Bondi rate. In poetic terms, chaotic cold accretion (CCA) can be viewed as 'raining on to black holes'.
The simplicity of the Bondi formula makes it tempting to be exploited in theoretical and observational studies (e.g. Reynolds et al. 1996; Loewenstein et al. 2001; Churazov et al. 2002; Baganoff et al. 2003; Di Matteo et al. 2003 Springel et al. 2005; Allen et al. 2006; Croton et al. 2006; Hopkins et al. 2006; Rafferty et al. 2006; Cattaneo & Teyssier 2007; Sijacki et al. 2007; Hardcastle et al. 2007; McCarthy et al. 2008; Booth & Schaye 2009; Cattaneo et al. 2009; Barai et al. 2014; Fujita et al. 2014; Nemmen & Tchekhovskoy 2014) . Knowing the black hole mass M • and the gas entropy at large radii (K ∝ T /ρ γ−1 , where γ is the adiabatic index, ρ the gas density, and T the gas temperature) allows us to immediately retrieve the accretion rate viȧ
where λ is a factor of order unity (varying as a function of γ and the accretor radius; GRO13, sec. 1). However, Eq. 1 can only be used if the hydrodynamic flow is adiabatic (no heating or cooling), unperturbed, spherically symmetric, with steady boundary conditions at infinity. If one of these conditions is violated, then Bondi derivation and formula can not be applied. Bondi himself warns in the first line of his 1952 abstract that he investigates a special accretion problem. In the last decade, observations and simulations of gas in galaxies, groups, and clusters have proven that atmospheres are turbulent (e.g. Norman & Bryan 1999; Schuecker et al. 2004; Dolag et al. 2005; Kim & Ryu 2005; Nagai et al. 2007; Churazov et al. 2008; Lau et al. 2009; Vazza et al. 2009; Borgani & Kravtsov 2011; Ruszkowski & Oh 2010 de Plaa et al. 2012; Sanders & Fabian 2013; Gaspari & Churazov 2013; Banerjee & Sharma 2014; Gaspari et al. 2014b ; similarly for the interstellar medium, Elmegreen & Scalo 2004) , while continuously shaped by the competition of cooling and heating processes (e.g. Vikhlinin et al. 2006; McNamara & Nulsen 2007 Diehl & Statler 2008; Rasmussen & Ponman 2009; Sun et al. 2009; Gaspari et al. 2014a) . It is thus essential to adopt physical models of black hole accretion.
Tracking the proper accretion rate and dominant mode of SMBHs is fundamental in order to understand and model the impact of AGN ('active galactic nucleus') feedback. The energy released by a SMBH can reach 10 62 erg, which is able to affect not only the host galaxy but also the surrounding group/cluster gaseous halo (e.g. Gaspari et al. 2011a Gaspari et al. ,b, 2012a . AGN feedback can indeed solve many astrophysical problems as heating cooling flows, quenching star formation, forming buoyant bubbles and shocks, or ejecting metals and low-entropy gas at large radii (Gaspari et al. 2013a for a brief review). SMBHs are thus the thermostats regulating the baryonic structures throughout the cosmic evolution.
In recent times, it has become clear that most -if not all -massive systems retain a gaseous halo down to galaxies with stellar masses M * ∼ 10 11 M ⊙ (Anderson et al. 2013 and 2014 in prep.; Planck Collaboration et al. 2013, Fig. 4) , including spirals (e.g. Anderson & Bregman 2011; Dai et al. 2012) . Therefore, cold gas condensation and accretion is expected to play central role in the evolution of SMBHs and their host galaxies, as also supported by other works (Quataert & Narayan 2000; Pizzolato & Soker 2005; Soker 2006; Soker et al. 2009; Barai et al. 2012; Mathews & Guo 2012) . Interestingly, high-redshift galaxies may not even necessitate of condensation, since they can directly accrete cold gas through cosmic-web inflows triggered by largescale disk instabilities and tidal torques (e.g. Dekel et al. 2009; Hopkins & Quataert 2010 . Chaotic collisions via minor mergers may also facilitate accretion, as shown by King & Pringle (2006 and Nayakshin & King (2007;  sec. 8 in GRO13 for a review).
Observations of multiphase gas (T < 10 6 K) in massive galaxies have exponentially grown through the last decade, detecting extended ionized gas in optical Hα+[NII] (Heckman et al. 1989; Macchetto et al. 1996; Crawford et al. 1999; McDonald & Veilleux 2009; McDonald et al. 2010 McDonald et al. , 2011 McDonald et al. , 2012 Werner et al. 2014) , which is typically cospatial with infrared H 2 (e.g. Jaffe et al. 2005; Hatch et al. 2005; Wilman et al. 2009 Wilman et al. , 2011 Oonk et al. 2010 ), molecular gas traced by CO (Lim et al. 2000; Edge 2001; Salomé & Combes 2003; Salomé et al. 2008; Hamer et al. 2014) , far-infrared [CII] , [OI] (Mittal et al. 2012; Werner et al. 2013) , and far-ultraviolet CIV, OVI (Bregman et al. 2006; Sparks et al. 2012) . These data strongly favor the scenario of in-situ condensation via TI, as opposed to gas stripping from infalling galaxies. Recently, the unprecedented resolution and sensitivity of ALMA has further proven the central role of condensed cold gas in the form of clouds, turbulent disks, and outflows (David et al. 2014; McNamara et al. 2014; Russell et al. 2014) . Remarkably, most cool-core systems with t cool < 1 Gyr contain filamentary multiphase gas (Cavagnolo et al. 2008; Rafferty et al. 2008 ) and central radio sources (Mittal et al. 2009 ), indicating that the cooling gas is the main driver of AGN feedback. The increase of radio-loud AGN with more massive halos (Best et al. 2007) , which have higher cooling rates (Shabala et al. 2008 ) and slower rotation, further support the fueling via CCA. It shall be noted that molecular gas does not necessitate to be correlated, or better, cospatial with AGN bubbles or jets/outflows (e.g. Werner et al. 2014) , since CCA quickly consumes the free-falling cold gas; powerful AGN feedback can also drag it out of the galaxy (e.g. Canning et al. 2013) .
After GRO13 initial study, many features of the newly proposed CCA remain to be tackled, in this and future investigations. One important open question concerns the role of rotation in being able to suppress accretion, in combination with cooling, heating, and turbulence (see also Proga & Begelman 2003; Krumholz et al. 2005 Krumholz et al. , 2006 Pizzolato & Soker 2010; Hobbs et al. 2011; Narayan & Fabian 2011) . Current surveys using integral-field spectroscopy (Emsellem et al. 2007 show that early type galaxies display slow or fast rotating stellar kinematics, likely reflecting separate formation and evolution histories. While low-luminosity galaxies are typically fast rotators, massive galaxies (as brightest cluster/group galaxies), the focus of the present work, belong to the 'slow' rotator family (e.g. Jimmy et al. 2013; Kormendy et al. 2009 for a review). Recurrent gas-poor (dry) mergers (e.g. Bois et al. 2011) or AGN outflows (e.g. Gaspari et al. 2012b) can both contribute in reducing angular momentum. Slow rotator/massive ellipticals have angular momentum parameter λ Re ∼ 0.1 -0.3 (Emsellem et al. 2007 ), corresponding to stellar rotational velocities v * ,rot ∼ 0.1 -0.3 σ * (Binney et al. 1990; Caon et al. 2000; Pinkney et al. 2003; Jimmy et al. 2013) . A notable example with significant rotation is NGC 4649.
Compared with the stellar kinematics, the rotation of the gas in observed massive ellipticals is more uncertain. Roughly 70% of the hot gas within the effective radius likely comes from stellar mass loss (e.g. Brighenti & Mathews 1999) , thereby gas rotation is expected to share similar specific angular momentum as the local stars, v rot ∼ 0.1 -0.3 σ * (e.g. Caon et al. 2000) . Evidence for gas rotation in the inner part of the galaxy is given by the X-ray ellipticity, typically < ∼ 0.2, which steadily declines below that of the stars at r > ∼ 1 kpc (Diehl & Statler 2007; Brighenti et al. 2009 ). The negative slope of the X-ray ellipticity is typically moderate (Diehl & Statler 2007) , suggesting that transport processesas turbulence -are required to circularize the isophotes and to prevent the rapid spin-up of the gas due to cooling flows (e.g. Brighenti & Mathews 1996 . Non-zero gas angular momentum can be also associated with subsonic sloshing motions and cold fronts due to infalling substructures (Markevitch & Vikhlinin 2007; ZuHone et al. 2013) or with the galaxy peculiar velocity (e.g. Zabludoff et al. 1993) .
As in GRO13, we intend to perform controlled astrophysical experiments, dissecting each physics in a methodical way, in order to properly disentangle its relative impact on the hot and cold accretion flow affected by rotation. In §2, we describe the physical and numerical ingredients of the simulations. In §3, we study the rotating flow in the purely adia-batic, galactic atmosphere. In §4, we analyze the importance of cooling, inducing a cold thin disk. §5 shows the impact of realistic 3D turbulence in the rotating hot flow. In §6, we combine cooling and stirring, while in §7 we present the complete chaotic cold accretion evolution in a rotating halo, including heating and varying levels of turbulence. In §8, we summarize and discuss our findings in the context of AGN feedback and observations. Remarkably, CCA results to be unhindered as long as a key dimensionless quantity, which we define as 'turbulent Taylor' 1 number, remains below unity:
where v rot and σ v are the rotational velocity and turbulent velocity dispersion of the gas, respectively.
PHYSICS & NUMERICS
The implemented physics and numerics are described in depth in GRO13 (sec. 2), to which the reader is referred for further details. Here we summarize the essential features and new ingredients, as rotation.
Initial conditions & rotation
We study the accretion flow in a typical massive elliptical galaxy (NGC 5044) embedded in the gaseous intragroup medium. The initial temperature and gravitational potential profiles are unchanged compared with our previous work. The T profile is directly derived from Chandra/XMM observations (Gaspari et al. 2011b ). The total static potential φ is provided by the central SMBH (M • = 3 × 10 9 M ⊙ ), the galactic stellar component (M * ≃ 3.4 × 10 11 M ⊙ , with effective radius ≃ 10 kpc), and a dark matter NFW halo with virial mass M vir ≃ 3.6 × 10 13 M ⊙ (with concentration c ≃ 9.5). Schwarzschild and Bondi radii are R S ≡ 2GM • /c 2 ≃ 3 × 10 −4 pc and r B ≡ GM • /c 2 s,∞ ≃ 85 pc, respectively (the sound speed is c s,∞ ≃ 390 km s −1 near 1 kpc). We integrate the system for a long-term evolution, ∼ 200 t B , where t B ≡ r B /c s,∞ ≃ 210 kyr.
The density profile is retrieved from hydrostatic equilibrium (neglecting the black hole). In this study, we test the gas rotation, which induces a centrifugal force, effectively lowering the gravitational acceleration g along R ≡ (x 2 + y 2 ) 1/2 . This partially changes the stratification of the hot gaseous halo. The new hydrostatic equilibrium can be better visualized and setup separating the two main directions, R and z:
where c 2 s,i = k b T /µm p is the isothermal sound speed (the atomic weight is µ ≃ 0.62).
As customary (e.g. Strickland & Stevens 2000) , the rotational velocity of the gas is parametrized as a fraction of the circular velocity
1 This quantity shares similarity with classic Taylor number, which characterizes the importance of centrifugal forces relative to viscous forces: Ta = ω 2 R 4 /ν 2 , where ω is the angular velocity, R is the cylindrical radius, and ν is the kinematic viscosity. Notice that Ta ∝ Tat 2 .
where e rot is a free parameter ranging between 0 and 1, the latter corresponding to full rotational support. We first integrate the hydrostatic equilibrium along R (Eq. 3), then along the z direction (Eq. 4), linearly interpolating the retrieved 2D matrix in the discretized 3D domain. The central density normalization is the same as in GRO13. The initial profiles are shown in Fig. 1c . As suggested by observations, the resultant rotational velocity is fairly constant with R (outside the Keplerian influence region of the SMBH); at 26 kpc v rot is just ∼30% higher than at 1 kpc. Using constant specific angular momentum at large radii (v rot ∝ R −1 ) should be thus avoided as initial condition.
We discuss now the reference e rot . The Jeans equation for a spherically symmetric, isotropic stellar system in equilibrium can be written as
Neglecting rotation, the radial stellar velocity dispersion for our simulated galaxy peaks at σ * ,r ≃ 230 km s −1 (the 3D velocity dispersion is σ * = √ 3 σ * ,r ). For weak rotation, the stellar velocity dispersion is a good proxy for the circular velocity. Massive elliptical galaxies are known to have irregular velocity profiles, at best with mild coherent rotation, in particular for the gas component (e.g. Caon et al. 2000) . As discussed in §1, gas rotation can typically reach v rot < ∼ 0.3 σ * . In order to maximize the impact of rotation, we thus adopt e rot = 0.3 as reference, leading to an average gas rotational velocity v rot ≈ 100 km s −1 (r ∼ 1 -13 kpc). Adopting slower rotation has negligible impact on the CCA dynamics, resembling GRO13 models, as v rot ≪ σ v . Since faster rotation flattens too much the density profile and isophotes ( §1), it is better to compare models with fixed e rot and varying σ v (the cooling rate also remains the same), albeit Ta t defines the self-similar dynamics in both cases ( §7).
Hydrodynamics & source terms
We use a modified version of the adaptive-mesh-refinement code FLASH4 (Fryxell et al. 2000) to integrate the equations of hydrodynamics, adopting an exceptionally large dynamical range. The maximum resolution is ∼0.8 pc, with static zoom-in toward the center. The box width reaches 52 kpc (∼ 600 r B ), an extension of almost a factor 10 5 (see GRO13 for further details on resolution and convergence). Notice that using e rot = 0.3 implies that the circularization radius is r circ = (v rot /v circ ) r init = 0.3 r init . Even considering the steepening of v circ due to the SMBH potential (∼ 4000 km s −1 at 1 pc), we can resolve circular motions down to a few 10 pc. TI form up to several kpc, hence we will be able to clearly assess if the cold gas is accreted or circularizes (see the thin disk evolution in §4).
In addition to hydrodynamics, we add the source terms related to the black hole sink, turbulence driving, radiative cooling, and distributed heating (GRO13), testing step by step the contribution of each physics to the accretion process. Using the pseudo-relativistic Paczyński & Wiita (1980) BH potential, the sonic point (for adiabatic index γ = 5/3) is not located at r = 0, but at a finite distance near the pc scale. This justifies the use of a central gas sink region of a few cells (which avoids artificial overpressure bounces), since the internal region is causally disconnected.
Turbulence is implemented via a spectral forcing scheme, based on an Ornstein-Uhlenbeck random process, which drives a time-correlated and zero-mean acceleration field, reproducing experimental high-order structure functions (Fisher et al. 2008) . The source of turbulence can be galaxy motions, substructure mergers, supernovae or AGN feedback (e.g. Norman & Bryan 1999; Lau et al. 2009; Vazza et al. 2009; Gaspari et al. 2012b) . We keep the subsonic turbulent velocity used in GRO13 as reference, σ v ∼ 150 km s −1 (3D Mach number Ma ∼ 0.35), stirring the gas at injection scales L > ∼ 4 kpc. Adopting e rot = 0.3, the reference turbulent model has Taylor number Ta t ∼ 0.7. In §5-7, we test weaker turbulence, i.e. Ta t = 1.5 and 3. Turbulent heating (with timescale ∝ Ma −2 ) is subdominant during our entire evolution. Even with stratification, the power spectrum of turbulence follows the classic Kolmogorov slope (Gaspari et al. 2014b) .
The hot plasma cools via X-ray radiation mainly due to Bremsstrahlung at T > ∼ 10 7 K and line emission at lower temperature. The radiative emissivity is L = n e n i Λ, where n e and n i are the electron and ion number density, respectively. The cooling function Λ(T ) is modeled following Sutherland & Dopita (1993) , adopting solar metallicity. The stable cold phase has a temperature floor at 10 4 K (possibly preserved by heating due to hot young stars, photoemission of UV-irradiated dust grains, the central AGN, and/or cosmic rays - Bakes & Tielens 1994; McDonald & Veilleux 2009 for a discussion). The initial ratio of the cooling time, t cool ≡ 1.5 nk B T /n e n i Λ, and free-fall time, t ff ≡ (2r/g) 1/2 has a minimum ∼ 4-5 near 250 pc. As t cool /t ff < 10 thermal instability can grow nonlinearly (Gaspari et al. 2012a; McCourt et al. 2012; Sharma et al. 2012 ; for other studies on TI see Field 1965; Krolik & London 1983; Balbus & Soker 1989; Pizzolato & Soker 2005) .
AGN feedback, in conjunction with stellar heating and mergers (e.g. Gaspari et al. 2011a,b; Barai et al. 2014) , acts to maintain the cool core of galaxies, groups, and clusters in global thermal quasiequilibrium ( < ∼ 10 percent), preserving core temperatures at ∼ 1/3 of the virial temperature (e.g. Vikhlinin et al. 2006; Diehl & Statler 2008; Rasmussen & Ponman 2009; Sun et al. 2009 ). We do not model AGN outflows or jets as in Gaspari et al. (2012a,b) , since computationally unfeasible. In the final models ( §7), we inject distributed heating, mimicking a post-outburst phase, when the feedback heating has been properly deposited (Gaspari et al. 2012a, Fig. 9 ). Computationally, we set the heating rate (per unit volume) to be equal to the average radiative emissivity in finite radial shells, H ≈ L .
ADIABATIC ACCRETION
Following the structure presented in GRO13, we test step by step the impact of each physical process. We begin analyzing the model purely based on hydrodynamics. No cooling, heating, or turbulence is affecting the accretion flow. The adiabatic flow shares tight connection with Bondi (1952) accretion, albeit the spherical symmetry is broken by the initial gas rotation (e rot = 0.3, i.e. v rot ≈ 100 km s −1 ; §2.1).
3.1. Accretion rate In Fig. 1a , we show the main diagnostic, the temporal evolution of the accretion rate during 40 Myr (∼ 200 t B ). The impact of rotation (solid line; top) is to suppress the accre- tion rate by a factor ∼ 3 compared with the non-rotating atmosphere (dashed line; sec. 3.1 in GRO13), reachingṀ • ≃ 0.025 M ⊙ yr −1 . The average rate is slightly decreasing due to the presence of the galactic gradients, progressively altering the 'boundary' conditions near a few r B (Ṁ B ∝ K −3/2 ∞ ; the Bondi boundary conditions at infinity have no meaning in stratified atmospheres). Ignoring this minor trend, the accretion rate is solely stifled by the central rotationally-supported barrier, reaching a statistical steady state in a few 10 t B .
In the bottom panel (Fig. 1a) , the accretion rate is normalized to the Bondi rate (Eq. 1), averaged over r ∼ 1 -2 kpc, as customarily employed in large-scale/cosmological simulations. Comparing the reference run with e rot = 0.3 (solid) and the model with e rot = 0.15 (dotted) indicates that the final accretion rate is weakly lowered with increasing rotation. Interestingly, adopting the Bondi formula at large radii predicts a fairly consistent accretion rate. Therefore, boosting the Bondi accretion rate by a large factor (∼ 100; e.g. Di Booth & Schaye 2009 ) is not required, even if r B is under-resolved, at least in the regime of a hot and rotating atmosphere (a similar conclusion applies in the presence of turbulence, but not if cooling is dominant).
3.2. Dynamics The suppression of accretion is related to the formation of a central toroidal structure, where gas with relatively high angular momentum circularizes, further blocking part of the inflow solid angle. The hot gas can only accrete along the polar funnel perpendicular to the equatorial (x-y) plane. The circulation within the toroidal region is variable, as reflected by the mild oscillations inṀ • . The configuration is partially unstable: the polar flow is inflowing, while the equatorial region is partially outflowing or circulating, leading to recurrent expansions and contractions (Fig. 1b) .
The 'pinwheel' and toroidal configuration, as well as the suppression of the accretion rate, are consistent with the results of Proga & Begelman (2003) and Krumholz et al. (2005) , although our flow is embedded in galactic gradients. For low/moderate vorticity as in our typical system (hot plasma in most galaxies has subsonic and sub-Keplerian velocities 2 ), the accretion rate is weakly dependent on the initial angular momentum (Fig. 1a, bottom) , since the suppression in the final stage is related to the geometrically thick toroidal structure, which eventually builds up with similar shape. Its typical radius is the BH influence radius ∼ r B with height H ∼ r B -for a Keplerian disk H = c s /ω = (r 3 /r B ) 1/2 . The polar funnel can be thus approximated as a cone with halfopening angle θ ∼ π/4, allowing gas accretion within a solid angle Ω = 2π(1 − cos θ) ≃ 1.84. Considering the two cones, the funnel has Ω ∼ 1/3 of the spherical solid angle, broadly consistent with the simulatedṀ • suppression (Fig. 1a, top) . . Adiabatic accretion with erot = 0.3: mass 'probability' distribution function (PDF) per bin of specific angular momentum along the rotation axis z (M ⊙ per kpc km s −1 ), for the gas within r < 8 kpc. The color coding is the same as for the radial profiles (Fig. 1c) , covering 40 Myr. With no additional physics, the system overall preserves the initial angular momentum distribution (coherent counter-clockwise rotation).
3.3. Radial profiles and l z distribution In Fig. 1c , we show the mass-weighted radial profiles of electron gas density n e (top) and temperature T m (bottom), sampled every 1 Myr (dark blue to cyan color). The cuspy profiles are similar to the classic Bondi solution (e.g. T ∝ r −1 ; GRO13), smoothly joining the galactic gradients at large radii. The slight central n e decrease partly occurs due to the variable boundary conditions near r B , and partly due to rotation. Since the hot flow is mainly dominated by pressure, the toroidal region has large height (H = c s /ω) and is smooth, without a net demarcation line as in the radiative run forming a cold thin disk ( §4). The X-ray emission-weighted profiles (not shown) are not dissimilar due to the absence of the cold phase. Therefore, X-ray observations would see peaked gas temperature in the nucleus of the galaxy, if the hot mode is the currently dominant regime of accretion (typically occurring after AGN feedback has overheated the system; §8).
In Fig. 1d , we present another important diagnostic: the mass distribution function (PDF) of specific angular momentum along the rotation axis l z , during the 40 Myr evolution. Since the model has no heating, cooling, or turbulence, and the accretion is substantially inhibited, the system overall conserves the angular momentum distribution. Notice that the PDF of l z has only positive values, the mark of coherent counter-clockwise rotation (the right tail is decreasing since we consider the gas within r < 8 kpc). Reshaping the angular momentum distribution via other physical processes is crucial to trigger boosted accretion.
ACCRETION WITH COOLING
In the next model, the reference rotating accretion flow experiences cooling due to radiation (mainly Bremsstrahlung in the X-ray band and line cooling below 1 keV) with emissivity L = n e n i Λ(T ). No source of heating or turbulence affects the dynamics.
Accretion rate
The central result is the decoupling between the accretion rate and the cooling rate (Fig. 2a, top) , no more closely tracking each other as in the spherically symmetric cooling flow (GRO13; sec. 4). The dense gas quickly loses pressure support via radiative emission (initial minimum t cool is ∼ 8 Myr) and forms a rotationally-supported thin disk. The fast condensation affects first the inner and denser gas with lower angular momentum, which can be quickly accreted (Ṁ • ≃ 0.5 M ⊙ yr −1 ). After 10 Myr, the cold phase arises from the hot gas with high angular momentum. Falling from r > r B toward the center, this cooling gas rapidly increases the rotational velocity and circularizes, damping the accretion rate. At final time,
, a difference of two orders of magnitude. The normalized accretion rate is also low, roughly four times the Bondi rate at the kpc scale.
Compared with the adiabatic run (solid black), the accretion rate is about 6× higher, since the weakened pressure support increases the effective inflow, in particular along the polar region. The presence of a condensing hot halo thus alters the classic thin disk picture, where the cold gas is the only entity. Figure 2b shows the formation of the symmetric thin disk in more detail. The hot gas loses internal energy and thus pres- Figure 2a . Accretion with cooling and erot = 0.3 (blue): evolution of the accretion rate (physical and normalized to the kpc-scale, run-time Bondi rate -top and bottom panel, respectively). The dashed line is the average cooling rate (related to the gas with T < 10 5 K). Solid black line is the adiabatic rotating model ( §3). Despite the substantial cooling rates,Ṁ cool ∼ 15 M ⊙ yr −1 , the final accretion rate is two orders of magnitude lower due to the formation of a rotationally-supported thin disk.
Dynamics
sure, but it is still balanced by rotation along R, leading to the infall toward the direction perpendicular to the x-y plane, where the low-entropy gas finds a new rotational equilibrium. Due to the steep multiphase stratification and transonic inflow, the disk experiences hydrodynamical instabilities, as KelvinHelmoltz and Rayleigh-Taylor. The overall picture is very different from a spherically symmetric cooling flow (GRO13), sinceṀ • ≪Ṁ cool . Along the polar funnel, the transonic flow is not inhibited by rotation and gas can quickly accrete.
Massive galaxies which are dominated by cooling (weak or no heating), are thus expected to show a rotationally supported cold disk, arising from the fast spin-up of the gas. The X-ray ellipticity greater than that of the stellar component in the inner 1 kpc may be a sign of this phenomenon (e.g. NGC 4649; cf. Brighenti et al. 2009 ), albeit moderate turbulence is still required in order to avoid markedly flat isophotes inconsistent with observations (Diehl & Statler 2007 ; see also Brighenti & Mathews 2000) .
It is interesting to note that the disk is internally turbulent, even without magneto-rotational instability Figure 2b. Accretion with cooling and erot = 0.3: temperature crosssections (2 kpc 2 ) through z = 0 (top) and x = 0 (bottom), after 2 and 4 t cool , respectively. The velocity field normalization is 6000 km s −1 (this unit arrow is 1/8 of the image width). The maps show the formation of a symmetric cold thin disk, which quickly condenses out of the hot phase and stifles accretion. (Balbus & Hawley 1998) due to the interaction with the hot phase at the condensation layer (Fig. 2b) . Near the accretor, this is crudely comparable to a Shakura & Sunyaev (1973) alpha parameter of the order of ∼ 0.05 (an analog of the disk Mach number). We notice that, in the stirred runs, the injected turbulence (Ma ∼ 0.1 -0.3) always exceeds this value.
4.3. Radial profiles and l z distribution The mass-weighted radial profiles in Fig. 2c reveal the presence of the highly dense (10 3 cm −3 ) and cold thin disk, condensed out of the hot atmosphere. At variance with T m , the X-ray temperature (bottom) has only a mild decline from large to 1 kpc radius, where it starts to stabilize around 10 7 K. The cold disk keeps growing through time due to the continuous condensation of higher angular momentum gas. The rotating structure is thin, with slightly expanding dense lobes where the warm gas is still condensing (H = c s /ω; Fig. 2b ), which can be tracked in the profiles.
The disk extends to ∼ 1 kpc after 40 Myr of evolu- Figure 2c. Accretion with cooling and erot = 0.3: 3D mass-and emissionweighted radial profiles of density and temperature (cf. Fig. 1c ). The Tew profile has X-ray threshold of 0.3 keV and is computed in larger radial bins (emulating a Chandra observation). The cold thin disk keeps growing via condensation. The X-ray temperature is overall insensitive to the presence of the cold disk.
tion, with its size starting to saturate as the cooling rate (Fig. 2a) . During periods of weak heating and turbulence, this could be a common regime, allowing to develop the rotating cold disks observed in many massive elliptical galaxies Young et al. 2011; Alatalo et al. 2013; NGC 6868 and NGC 7049, Werner et al. 2014) . The retrieved size of the disk (e.g. via ALMA or Herschel) may point out how long the cooling-dominated phase has lasted, setting constraints on the AGN feedback duty cycle (albeit we . Accretion with cooling and erot = 0.3: mass PDF per bin of specific angular momentum lz, for the cold phase (full evolution from blue to cyan lines). The PDF of the hot phase is analogous to that shown in Fig. 1d , albeit shifting by ∼ 15 percent to higher normalization and lz. The cold phase emerges out of this distribution, adding during time higher lz gas, and thus widening the PDF.
note that a clumpy rotational structure can be present during CCA and significant feedback; §7). Figure 2d shows the l z distribution of the cold phase. The PDF of the hot phase is analogous to that in Fig. 1d , shifting by ∼ 15 percent to higher normalization and l z due to the large-scale inflow of gas losing pressure. The cold phase emerges out of the hot gas distribution, progressively accumulating higher l z gas coming from larger radii, and thus widening the PDF while the disk grows (blue to cyan). As in the previous adiabatic run, l z is only positive, the mark of coherent rotation, albeit now in the form of a cold thin disk. Again, such a distribution of angular momentum implies substantially suppressedṀ • .
ADIABATIC ACCRETION WITH TURBULENCE
Cosmic systems are rarely (if ever) in perfect hydrostatic equilibrium. The hot gas in galaxies, groups, and clusters is continuously stirred by the action of AGN/supernovae feedback, galaxy motions, and mergers. We thus probe the effect of turbulence on the rotating and adiabatic flow, testing intrinsic 3 velocity dispersion in the range of σ v ∼ 40 -150 km s −1 . Figure 3a shows the evolution of the accretion rate for the reference Ma ∼ 0.35 (brown) and for 1/4 lower Mach number (Ta t ∼ 3; orange). In both runs, the suppression ofṀ • is ∼ 1/3 compared with the non-rotating Bondi flow (dashed line; see also GRO13). Remarkably, the suppression is analogous to that retrieved in the purely rotating run (black; §3). While turbulence with σ v > v rot is able to disrupt the coherent rotation and to prevent the full circularization, its basic action is to transport momentum. No total angular momentum is created. However, turbulence locally induces prograde or retrograde vorticity (Fig. 3c) , via eddies generated during the Kolmogorov cascade. The (subsonic) turbulent Tat ∼ 3): evolution of the accretion rate. The accretion rate is suppressed by a factor of ∼ 3 compared with the non-rotating model (dot-dashed), as in the purely rotating run (solid black; §3), since turbulence still induces local (but not global) vorticity. The chaotic eddies generate however higher variability, as long as Tat < 1. In the opposite regime, rotation drives the dynamics. Fig. 1b) . The equatorial plane does not display coherent rotation, since the gas can not properly circularize in the presence of significant turbulence (σv > vrot). The central vortical motions stifle again accretion. accretion flow is thus analogous to a gradually varying rotating flow near the accretor (Fig. 3b) . As discussed in §3, for a pressure-supported and slowly rotating flow, the geometric funnel where the gas can accrete is roughly invariant, linked to a suppression of ∼ 1/3. The central spiraling motion is enhanced by the baroclinic instability due to the atmosphere stratification (Krumholz et al. 2006) . We note for subsonic turbulence, local vorticity is more relevant than the gas bulk motion relative to the accretor. For the reference Ma ∼ 0.35, theṀ • suppression related to the bulk motion (Bondi & Hoyle 1944 ) is just ∝ (1 + M 2 ) −3/2 ≃ 0.84. A difference with the purely rotating, adiabatic flow is the and erot = 0.3: mass PDF per bin of specific angular momentum lz, for the gas within r < 8 kpc (cf. Fig. 1d ). If Tat < 1, turbulence widens the PDF, inducing both retrograde and prograde motions. In the opposite regime, Tat > 1, turbulence is too weak to induce retrograde motions: the underlying counter-clockwise rotation remains overall intact, with minor fluctuations superimposed. increasedṀ • variability. The turbulent eddies randomly have low or high angular momentum, generating the peaks and valleys observed in the accretion rate, which oscillate by a factor of ∼ 2. The key role of the local eddy is remarked by the turbulent run with no rotation presented in GRO13 (sec. 6), showing similarly suppressedṀ • . As Ta t > 1 (Fig. 3a; orange), the flow is however driven by coherent rotation, with only minor turbulent perturbations, thereby reverting to the evolution described in §3.
Accretion rate and dynamics

l z distribution and radial profiles
The importance of the Ta t ≡ v rot /σ v ∼ 1 threshold can be better appreciated in the distribution of angular momentum (Fig. 3c) . If Ta t < 1 (top), stirring can substantially reshape PDF(l z ). Turbulence can be approximated as a diffusion process (with diffusivity ∼ σ v L; Gaspari & Churazov 2013) , spreading linear and thus 4 angular momentum (effective viscosity). The initially peaked and solely positive l z distribution is progressively morphed into a broader PDF including negative values, with variance ∝ σ v . The PDF is 4 The radial displacement has uniformly random distribution. Fig. 1c) . The profiles are cuspy, as in the classic Bondi flow, albeit becoming progressively shallower due to turbulent diffusion (dissipational heating is negligible, as remarked by the large-scale T profile).
skewed toward the right tail due to the initial rotation. In the σ v ≫ v rot regime, the PDF would be symmetric around zero.
It is relevant to note that the end product of real viscosity is a homogeneous velocity (Dirac delta PDF), while the steady state of turbulence is always local perturbations (∝ σ v ). Turbulent diffusion not only acts on momentum, but also on K, ρ, T , as shown by the gradually shallower radial profiles (Fig. 3d) , and by the power spectrum analysis presented in Gaspari et al. (2014b) . The fact that turbulence mimics a transport mechanism, while inducing significant local fluctuations, is a key element to develop chaotic cold accretion ( §7). Notice that, by itself, the broadening of the angular momentum distribution does not stimulate boosted accretion. In contrast to the cold clouds experiencing major inelastic collisions, the hot diffuse halo is in global hydrostatic equilibrium due to the pressure support, thereby the subsonic eddies do not mostly cancel angular momentum.
In the opposite regime Ta t > 1 (Fig. 3c, bottom) , turbulence is too weak to induce retrograde motions: the underlying counter-clockwise l z distribution remains overall intact and the coherent rotation drives the dynamics. The reduced effective diffusivity is also evident in the radial profiles (not shown), where the central density decreases only to n e ≃ 1.5 cm −3 . 
ACCRETION WITH COOLING & TURBULENCE
In the next model, we turn on radiative cooling, while the reference subsonic turbulence (Ma ∼ 0.35) stirs the hot atmosphere. The development of a clumpy multiphase medium completely changes the behavior of accretion. This simulation also warns how mild chaotic motions can profoundly modify the picture presented by simple analytic models (e.g. the classic thin disk).
6.1. Dynamics In Fig. 4a , the temperature map reveals the absence of major coherent motions. No source of heating is present, nevertheless the perturbations seeded by subsonic turbulence grow nonlinearly via thermal instability and produce cold filamentary structures. The dynamics of the gas is chaotic, driven by multiple collisions in the inner region. Collision means the major interaction between two distinct elements (clouds, filaments, or clumpy torus), allowing to substantially cancel angular momentum (see also Nayakshin & King 2007; Pizzolato & Soker 2010 ) and thus to boost the accretion rate. On top of turbulent diffusion, collisions promote further disruption of coherent motions and rotating structures. No steady thin disk can be formed (compare with §4), although at later times a volatile and clumpy cold torus emerges out of the residual gas with large l z due to incomplete cancellation ( §6.3).
The main point is that the multiphase gas halo in galaxies should be treated as a collisional, hydrodynamical system. The cold phase is not well described by ballistic orbits. The collisions are more frequent in the inner 1 kpc core, as major filaments have length comparable to this radius, initiating further interactions between cold elements. The cold phase retains the imprint of the hot phase at condensation, but collisions drive its dynamics in the subsequent stage. Fig. 2a ; the average ofṀ• in the top panel has 0.1 Myr step). The dashed line is the average cooling rate (1 Myr step). Chaotic cold accretion drives the dynamics, in similar manner as found in GRO13 (as long as Ta < 1). Recurrent collisions in the cold phase cancel angular momentum and boost the accretion rate up to two orders of magnitude with respect to the Bondi rate. The accretion rate is again linearly tied toṀ cool .
Accretion rate
Chaotic cold accretion drives the dynamics, in similar manner as found in GRO13 (as long as Ta t < 1; see next §7). The cold clouds condense out of the stirred hot phase, thereby experiencing chaotic streamlines. The rapid prograde versus retrograde collisions cancel angular momentum, and consequently boost the accretion rate up to two orders of magnitude with respect to the kpc-scale Bondi rate (Fig. 4b, bottom) . Compared with the adiabatic run (either turbulent or rotating; solid black, top), the increase is almost a factor 10 3 . At variance with the thin disk evolution ( §4), the accretion rate is linearly tied toṀ cool (dashed), albeit experiencing substantial chaotic variability up to ∼ 1 dex. The cooling rate saturates slightly faster around 15 M ⊙ yr −1 due to the turbulent mixing of entropy. At t > 25 Myr (top), the residual cold gas with high l z > 0 induces deeperṀ • valleys (via a clumpy torus).
Needless to say, this regime with no heating produces unrealistically high cooling rates and condensation. X-ray observations indicateṀ cool lower by at least an order of magnitude (e.g. Tamura mass PDF per bin of specific angular momentum lz, for the cold phase (the hot phase has PDF analogous to Fig. 3c , top). At variance with the purely radiative run, the cold phase randomly condenses out of a broad lz distribution, including both prograde and retrograde motions. This permits frequent major collisions, canceling angular momentum. The mass of unaccreted cold gas tends to significantly rise with time due to the unheated cooling flow.
for a review). Nevertheless, it is instructive to understand chaotic cold accretion embedded in a pure cooling flow. Some systems may experience a delayed AGN feedback (in particular at high redshift), allowing a massive CCA for a transient time (e.g. Phoenix cluster; McDonald et al. 2013 ).
6.3. l z distribution and radial profiles At variance with the purely radiative run, the cold phase randomly condenses out of the l z distribution shown in Fig. 3c  (top) , i.e. the cold clouds and filaments can be generated with both prograde and retrograde motions. Initially, the inner gas with lower l z cools faster, growing a modest PDF (dark blue line). After 10 Myr, the wings of the broader PDF start to experience significant recurrent narrowing, as a result of violent collisions canceling angular momentum (occurring in a period of a few Myr). However, the mass of unaccreted cold gas tends to substantially rise with time (leading to a PDF with larger width and normalization), progressively obfuscating the previous effect. In the subsequent heated run (Fig. 5c ), it will be easier to isolate the action of collisions, lacking the formation of a massive cooling flow.
An unbalance toward the right wing (l z > 200 kpc km s −1 ) persists due to the initial halo rotation, implying that a prograde (though clumpy) torus-like structure is a recurrent phenomenon. As Ta t ≪ 1, the role of rotation becomes negligible and the prograde bias disappears (GRO13). Conversely, as Ta t > 3, the cold phase can only be generated with positive l z (Fig. 3c, bottom) and the accretion follows that of the coherent thin disk ( §4).
In Fig. 4d , the radial profiles are analogous to that found in GRO13, showing the massive condensation of warm/cold gas out of the hot phase via thermal instability, and the fluctuations imparted by turbulence. After full condensation, the cold gas typically populates the region within 3 kpc. Maximum density is slightly higher compared with GRO13 (n e ∼ 10 4 cm −3 ), since the initial hydrostatic atmosphere has slightly shallower density gradient. The central X-ray temperature is flat, without a cuspy core, a characteristic mark of cold accretion dominating over the hot mode. Accretion with cooling, turbulence (Ma ∼ 0.35), and erot = 0.3: mass-and emission-weighted radial profiles of density and temperature (cf. Fig. 2c ). The profiles show the condensation of warm/cold gas out of the hot phase via TI up to several kpc. The X-ray temperature is flat, with no cuspy core, a characteristic mark of cold accretion.
ACCRETION WITH HEATING, COOLING, AND TURBULENCE: CHAOTIC COLD ACCRETION
In the last set of models, we focus on the most frequent state for the hot plasma in a massive galaxy, group, or cluster. The cooling flow is now quenched via heating ( §2.2) by 10-20 fold, in agreement with XMM-Newton observations (Tamura et al. 2003; Peterson & Fabian 2006) . The source of heating can be mainly attributed to AGN feedback, albeit su- Figure 5a . Accretion with heating, cooling, erot = 0.3, and varying levels of turbulence: evolution of the accretion rate (theṀ• average in the top panel has 0.1 Myr step). The Mach number varies from the reference Ma ∼ 0.35 (red) to 1/2 (magenta) and 1/4 (orange) of this value, i.e. Tat ≃ 0.7, 1.5, 3, respectively. The dashed line is the average cooling rate (1 Myr step). As before, the solid black line is the adiabatic rotating model, and the run-time Bondi rate for the normalized plot is computed at r ∼ 1-2 kpc ( §3). In the atmosphere with Tat < 1, chaotic cold accretion drives the dynamics, boosting the accretion rate up to 100× the Bondi rate, which is consistent with the non-rotating CCA evolution shown in GRO13. As Tat > 1, the accretion flow shifts from turbulence-driven (linked to extended filaments and boosted accretion) to rotationally-driven (tied to a coherent disk and suppressed accretion).
pernovae, thermal conduction, and mergers can possibly contribute.
Accretion rate
The key result is that, even in the presence of significant rotation (v rot ≈ 100 km s −1 ), the accretion rate is boosted up to ∼ 100× the Bondi rate (Fig. 5a, red) , which is consistent with the e rot = 0 model presented in GRO13 (sec. 7). The peaks in the accretion rate are comparable to the -now quenched 5 -cooling rate, ∼ 1 M ⊙ yr −1 (dashed). AdoptingṀ • ∼Ṁ cool is thus an effective subgrid accretion model for large-scale simulations and analytic calculations. Initially, accretion is in the regime driven by the rotating hot flow. After ∼ 10 Myr, 5 We note star formation is observed to be inefficient in massive elliptical galaxies, < ∼ 1 per cent of the pure cooling rate (e.g. McDonald et al. 2014 ). Figure 5b. Accretion with heating, cooling, turbulence (Ma ∼ 0.35), and erot = 0.3: temperature cross-section through z = 0, with the velocity field overlaid. Full circularization is not possible in a turbulent environment characterized by Tat < 1. The recurrent chaotic collisions between the cold filaments, clouds, and the inner volatile torus, cancel the angular momentum of the cold gas, leading to the rapid peaks in the accretion rate, M• ∼Ṁ cool . The convergence test is analogous to that presented in GRO13.
chaotic cold accretion drives the dynamics. At variance with §6, the presence of heating prevents the formation of a catastrophic cooling flow: the averageṀ • andṀ cool do not increase with time. In the regions where t cool /t ff < 10 (between r ∼ 100 pc and several kpc), thermal instability quickly grows in nonlinear way (see also Gaspari et al. 2012a ), cold gas condenses out of the hot phase, and chaotic collisions promote the cancellation of angular momentum. As discussed in §1, multiwavelength observations support the TI and CCA scenario, detecting extended multiphase gas in the core of many massive galaxies, which is cospatial in X-ray, FUV, Hα, and molecular band (e.g. McDonald et al. 2010 McDonald et al. , 2011 Werner et al. 2013 Werner et al. , 2014 . CCA dominates as long as the following criterium is met:
In Fig. 5a , we show the models with 1/2 and 1/4 lower turbulence with respect to the reference Ma ∼ 0.35, corresponding to Ta t ∼ 1.5 (magenta) and 3 (orange), respectively. As the rotational velocity exceedes the turbulent velocity dispersion, the accretion rate is progressively suppressed by a factor ∝ Ta t . The accretion flow shifts from turbulence-driven, with chaotic filaments and boostedṀ • , to rotationally-driven, displaying a coherent disk and reducedṀ • . In the regime Ta t ≫ 1,Ṁ • saturates around ∼ 0.1 M ⊙ yr −1 , as perturbations induced by turbulence are not influencing the evolution of the thin disk.
In a complementary run (not shown), we doubled the rotational velocity (≈ 200 km s −1 ) while fixing the reference Ma ∼ 0.35 (again Ta t ∼ 1.5). The results are analogous to the previous models, after comparing identical cooling rate (stronger flattening implies higher densities at large radii, thereby larger cooling rates).
7.2. CCA dynamics and l z distribution Chaotic cold accretion is mainly driven by the following physical processes. First, turbulence broadens the distribution of . Accretion with heating, cooling, turbulence (Ma ∼ 0.35), and erot = 0.3: mass PDF per bin of specific angular momentum lz, for the cold phase (the hot phase has PDF analogous to Fig. 3c , top). After three rapidṀ• bursts, the PDF narrows on average from 20 Myr (solid) to 27 Myr (dashed) due to major collisions canceling positive and negative lz. The action of collisions is periodically contrasted by fresh condensation, favoring a broader distribution.
angular momentum related to the hot atmosphere, as shown in Fig. 3c (top; see discussion in §5.2). The broadening is ∝ σ v and induces both prograde and retrograde chaotic motions. By itself, the broadening of PDF(l z ) does not imply boosted accretion, since the hot gas is supported by pressure. The second step is the condensation of cold gas. The cooling gas retains the imprint of the hot phase, emerging out of the broad l z distribution with both positive and negative values. During infall 6 , the clouds start to significantly collide, mainly in the inner 1 kpc (Fig. 5b) , inducing major angular momentum cancellation (see also Pizzolato & Soker 2010 ). In Fig. 5c , we focus on the PDF(l z ) evolution between 20 and 27 Myr, as three majorṀ • bursts and collisions occur in rapid succession. Despite the continuous cold gas condensation, we observe a rapid narrowing of the l z distribution, leading to thė M • bursts seen in Fig. 5a . At other times (not shown), gas condensation can regenerate one or both tails. Since the cooling rate and cold mass is quenched by over an order of magnitude compared with the pure cooling flow (consistently with observations; Tamura et al. 2003) , collisional effects are not overwhelmed by condensation through time (as in the nonheated run; §6). The residual cold phase achieves a statistical steady state after ∼ 2 t cool , with no secular evolution, although shaped by recurrent cycles of broadening and narrowing of the angular momentum distribution.
Both turbulence and collisions characterize CCA. Without turbulence the angular momentum of the newborn cold phase would only have positive l z (cf. Fig. 3c, bottom) , leading to a coherent disk. Without collisions, the cold phase might not strongly boost accretion (no rapid l z cancellation). Both processes are tightly related to σ v . If Ta t < 1, as in the reference run, turbulent diffusion dominates over the advection due to coherent rotation, leading to substantial PDF broadening and head-on cloud collisions. However, if Ta t > 1, the broadening is too weak and collisions can not cancel angular momentum. The suppression in the accretion rate is relatively 6 Nonlinear condensation is too fast and clouds are too massive to be directly affected by the driving, which is slowly injected at larger scale L.
smooth,Ṁ • ∝ Ta t −1 (Fig. 5a ), until the thin disk evolution dominates for Ta t > 3 (i.e. at least an order of magnitude in classic Taylor number; §1).
The linear transition can be crudely understood in terms of mixing length approximation. Accretion in a rotating atmosphere is ultimately limited by the diffusion time related to collisions (the PDF broadening, albeit directly tied to Ta t , is the necessary but not sufficient condition). Using as effective collisional viscosity 7 ν ∼ σ v λ, with λ the collisional mean free path, we can write the following scaling:
where we assumed the gas dynamical timescale is mainly associated with rotation. Clearly, the smaller the velocity dispersion, the longer the diffusion and hence accretion timescale. Typically, the clouds and filaments have to travel into the inner 1 kpc region to experience substantial collisions. Here, the mean free path is typically comparable to the radius (yet smaller than the global system), yielding the scaling t acc ∼ Ta t t dyn , in agreement with our findings (Fig. 5a ).
In general, λ varies depending on the size of the condensing clouds, which can be smaller than r. This slows the accretion time, creating the deeper valleys inṀ • . Notice that, although the peaks inṀ • are provided by major collisions, the average accretion rate is still ∝ Ta t −1 . CCA should be seen as a combination of major (e.g. Fig. 5b ) and minor interactions (e.g. Fig. 16, GRO13 ), the former inducing more rapid l cancellation. As Ta t < 1, turbulent diffusion overcomes rotation (Eq. 8 is no longer accurate) and the sinking of cold cloudsafter condensing in a cooling time -occurs in a radial free-fall timescale, returning to the pure CCA presented in GRO13 8 . The reference v rot ≈ 100 km s −1 is near the high end of the realistic range (as we want to understand in clear way the impact of rotation). For e rot > 0.3, the galaxy is substantially flattened and the gas v rot would inconsistently exceed the stellar rotational velocity, commonly ∼ 100 km s −1 (Davies et al. 1983) . Therefore, many massive elliptical galaxies should reside in the pure CCA regime (Ta t ≪ 1), in particular after strong injection of turbulence, e.g. via AGN outbursts and merger events. On the other hand, some elliptical galaxies are observed to host central cold disks, which is a by-product of incomplete angular momentum cancellation, likely associated with Ta t > ∼ 3 (e.g. Young et al. 2011; Alatalo et al. 2013) as turbulence and heating start to decrease (consistently with Table 1 and Figure 3 in Werner et al. 2014) . Notice that, in the disk stage, AGN feedback can still be active (especially in galaxy clusters; Hamer et al. 2014; McNamara et al. 2014) , albeit less episodic; only in the hot mode, the accretion rates and feedback are dramatically suppressed.
We note ram pressure drag is here secondary. The density contrast between the cold and hot phase is substantial, ρ c /ρ h > ∼ 10 3 . The cloud halting distance to lose all the kinetic energy can be estimated as d halt ∼ (e kin,c /ė kin,c ) v c ∼ Figure 5d. Accretion with heating, cooling, turbulence (Ma ∼ 0.35), and erot = 0.3: 3D mass-(top) and X-ray emission-weighted (bottom) radial profiles of density and temperature (cf. Fig. 2c ). The profiles show the extended multiphase structure, which is largely concealed in the X-ray band. The X-ray temperature profile is remarkably flat, in contrast with the hot-mode accretion, which has a peaked temperature profile. This is a key observable which can be thoroughly tested (e.g. Wong et al. 2014) . The difference between the hot and cold phase density is typically 3 orders of magnitude. We note the thermodynamic mode is quasi isobaric since motions are subsonic (see also Gaspari et al. 2014b ).
(ρ c /ρ h ) r c , using
Therefore, even small clouds of 50 pc would require distances larger than the box to lose most of its energy due to drag, while collisions occur in just a small fraction of the system size, mostly within r < 1 kpc.
Radial profiles
The evolution of the t cool /t ff (TI-ratio) profiles is analogous to those presented in GRO13 (Fig. 15 ). The threshold < ∼ 10 indicates the point where the condensation of extended cold gas is allowed (Gaspari et al. 2012a; McCourt et al. 2012; Sharma et al. 2012) . Within the Bondi radius and above ∼ 7-10 kpc thermal instability can not grow nonlinearly, as buoyancy dominates. Many cold clouds and filaments fill the region 200 pc -1 kpc, where the ratio has a minimum around 4 and the initial gas density is above 0.1 cm −3 , leading to more rapid condensation. The funneling toward the BH allows more frequent interactions within this inner region. The dropout of cold gas results in a gradual increase of the average entropy and thus TI-ratio, as the plasma becomes more tenuous (in a later stage, feedback self-regulation prevents strong overheating; Gaspari et al. 2012a ).
For systems with Ta t > 1, the gas is mainly supported by coherent rotation during the condensation process, implying that radial compression is less relevant for the TI growth.
With no radially compressive term, it has been shown that the TI-ratio threshold is lower by an order of magnitude, t cool /t ff < ∼ 1 . Note that the free-fall time does not increase: the effective gravity is lower along R, but the cold gas tends to fall along the z direction and to settle on the equatorial plane, hence t ff (z) = (2z/g(z)) 1/2 -which is identical to t ff (r). In other words, nonlinear TI and fragmented clouds are more difficult to form in a cooling gas shaped by the centrifugal force. This is confirmed by the Ta t > 1 runs, having a rather stableṀ • evolution. Notice that t cool /t ff > 1 does not imply that the cold phase will not form, but that the condensation is monolithic, leading to a disk-like structure, instead of filamentary (NGC 6868 and NGC 7049 are two examples; Werner et al. 2014) . The reduced fragmentation also affects the Ta t = 0.7 run, favoring longer filaments instead of spherical clouds. The major cold phase interactions can be thus more prolonged inducing broaderṀ • peaks compared with GRO13.
The mass-weighted radial profiles (Fig. 5d , top panels) highlight the extended multiphase structure and timedependent nature of the accretion flow. The extension of multiphase filaments up to a few kpc is consistent with Hα observations ( Fig.1 in Werner et al. 2014) . Performing an Xray observation (bottom panels) instead conceals them, allowing the hot component to emerge (T > 0.3 keV). As in GRO13, the X-ray emission-weighted temperature profile is remarkably flat, in contrast with the peaked profile of the adiabatic flow (Fig. 3d ). This is a key observable and prediction which can be tested, in particular with future X-ray missions (e.g. Athena). Recently, the Megasecond Chandra observation of NGC 3115 (Wong et al. 2014 ) has discovered a flat temperature core with multiphase structure within the Bondi radius. Their retrieved density profile within the inner 200 pc has moderate slope of -1, consistent with our findings (bottom left panel).
The mass-weighted density profiles point out that an inner (r < ∼ 100 pc) clumpy torus is relatively common, though continuously formed and dismantled by the chaotic dynamics. The presence of an inner obscuring torus is supported by extensive AGN literature (Bianchi et al. 2012 for a review). The central volatile structure derives from the accumulation of multiple filaments, which have not yet completely canceled angular momentum. On the other hand, its rising cross-section increases the collisional rate with the incoming clouds, promoting efficient angular momentum cancellation. The PDF(l z ) for the cold gas within 100 pc is self-similar to Fig. 5c , continuously broadening (either one or two tails) and narrowing through time, albeit in a smaller range, |l z | < 40 kpc km s −1 (i.e. below circular angular momentum at 100 pc). As Ta t > 1, collisions become less efficient (Eq. 8), and the torus can stabilize in a more coherent and extended disk.
Another interesting result is that the cold phase temperature can fluctuate between 10 4 -10 5 K, implying that, in a heated and chaotic environment, the cooling gas does not have to necessarily collapse to the floor (or molecular) temperature, but it can remain relatively warm. Multi-wavelength data also indicate that cold filaments have a complex warm transition layer (e.g. McDonald & Veilleux 2009; McDonald et al. 2010 McDonald et al. , 2011 . A possible explanation is related to the fact that subsonic turbulence in the hot phase becomes supersonic through the cold medium, thus increasing the efficiency of both turbulent mixing and dissipation, consequently reheating the filaments. The observed ionized gas within central filaments frequently shows significant velocity dispersions (∼ 100 km s −1 ; e.g. Canning et al. 2014; Werner et al. 2014 ), supporting this model. We will explore in depth the evolution of single cold filaments and collisions with future simulations implementing additional physics (e.g. magnetic fields and anisotropic conduction) and higher local resolution.
SUMMARY & CONCLUSIONS
We carried out 3D high-resolution simulations to perform controlled astrophysical experiments of the accretion flow on to a supermassive black hole, resolving the galactic 50 kpc scale down to the inner sub-pc scale. We gradually increased the realistic complexity of the hydrodynamic flow, including cooling, turbulence, and heating. In this work, we focused on the role of rotation in altering accretion (reference e rot = 0.3, i.e. v rot ≈ 100 km s −1 ), in comparison with the non-rotating models presented in Gaspari et al. 2013b (GRO13) . The main features of each accretion flow can be summarized as follows.
• Adiabatic rotating flow.
The hot pressure-dominated flow forms a central rotational barrier ( < ∼ r B ), with a thick toroidal geometry and mild variability. The gas can only accrete along a polar funnel with half-opening angle ∼ π/4. Compared with the spherically symmetric model, the accretion rate is suppressed by a characteristic factor of ∼ 3. The accretion rate is comparable to the referenceṀ Bondi computed at r ∼ 1-2 kpc. The stratification of the atmosphere slightly decreases the central density and accretion through time. The characteristic mark of the hot flow is the cuspy (X-ray or mass-weighted) temperature profile. The coherent prograde rotation preserves the initial positive angular momentum distribution.
• Radiative rotating flow. The radiatively cooling gas loses pressure support in a cooling time and circularizes on the equatorial plane, forming a cold thin disk. At variance with the classic cooling flow, the accretion rate is suppressed and decoupled from the cooling rate,Ṁ • < ∼ 10 −2Ṁ
cool . However,Ṁ • is still a decade higher compared with the adiabatic flow due to the halo condensation. The cold phase progressively accumulates higher positive l z , as the kpc-size disk grows through time via condensation.
• Adiabatic rotating flow stirred by turbulence.
From the perspective of the accretion rate and ρ, T radial profiles, the stirred hot flow is analogous to the unperturbed adiabatic evolution, with increased variability (factor of 2). The similar ∼ 1/3 suppression ofṀ • is due to the fact that subsonic turbulence is tied to local gas vorticity (further enhanced by the baroclinic instability in a stratified medium). As Ta t ≡ v rot /σ v < 1, the l z distribution is reshaped and substantially broadened via turbulent diffusion, generating both prograde and retrograde eddies. If Ta t > 1, the initial PDF is only slightly modified: the flow is again driven and suppressed by coherent rotation (l z > 0) and not by the turbulent eddies.
• Chaotic cold accretion (cooling, heating, turbulence) . As long as Ta t < 1, chaotic cold accretion (CCA) drives the dynamics, as found in GRO13. Within several kpc, thermal instability can grow nonlinearly (t cool /t ff < 10), extended multi-temperature filaments condense out of the hot phase and rain toward the BH. The collisions (r < 1 kpc) between the cold clouds, filaments, and central clumpy torus allow to efficiently cancel angular momentum, boosting the accretion rate, with impulsive peaks up to the cooling rate or 100× the Bondi rate. UsingṀ • ∼Ṁ cool is thus a realistic (subgrid) model for large-scale simulations and analytic studies. Without heating, the CCA evolution is analogous, albeit the cold phase properties (cold mass, collisions, PDF) are magnified by an order magnitude.
The condensed cold phase retains the imprint of the stirred hot phase, emerging out of the broadened l z distribution. The presence of both prograde and retrograde motions permits the cancellation of angular momentum. After major collisions the PDF narrows (Ṁ • peaks), while condensation broadens it again. Transient incomplete cancellation (Ṁ • valleys) creates a clumpy, highly variable torus, later favoring the interactions with incoming clouds. In the regime Ta t > 1, turbulent diffusion becomes weaker than advection due to rotation, reducing the relative PDF broadening and the efficiency of collisions. The accretion rate thus decreases as Ta t −1 , until the cold disk drives again the evolution. This is aggravated by the increased difficulty of TI and fragmented clouds to form under coherent rotation, as the thermal instability threshold is lowered due to the reduced influence of radial compression.
The present work, together with GRO13, emphasizes the central role of chaotic cold accretion in the evolution of (supermassive) black holes, also in the presence of rotation. The high and variable accretion rates,Ṁ • ∼Ṁ cool , can trigger the required level and self-regulation of the AGN feedback, in order to quench cooling flows, star formation, and to shape the observed thermodynamic properties of massive galaxies, groups, and clusters (e.g. Gaspari et al. 2011a Gaspari et al. ,b, 2012a §1) .
The results obtained through the last years corroborate the following cosmic accretion/feedback cycle affecting gaseous halos. As gas cooling starts to dominate over heating (t cool /t ff < 10 or central entropy K 0 < ∼ 20 keV cm 2 ), CCA is triggered 9 , boosting the accretion rate (Ṁ • ≫ M Bondi ) and consequently the feedback injection via AGN outflows/jets (Ta t < 1). This phase can be observationally probed via the flat X-ray temperature profile and multiwavelength extended filaments (e.g. McDonald et al. 2010 McDonald et al. , 2011 Werner et al. 2013; Wong et al. 2014) . As the core entropy rises and turbulence diminishes (Ta t > 1), nonlinear TI weakens and the rotating disk remains the only residual cold entity (e.g. Young et al. 2011; Alatalo et al. 2013; NGC 6868 and NGC 7049 in Werner et al. 2014 ). The transition is associated with a gradual decrease in the accretion rate ∝ Ta t −1 (feedback can still be active). Waiting longer times, as the disk is consumed (e.g. via accretion or star formation) and the halo has been overheated by feedback, the hot gas is the only resource available to poorly fuel the black hole (t cool /t ff ≫ 10). The main diagnostic of this hot-mode regime is the cuspy X-ray temperature profile (cf. Humphrey et al. 2009 ), typically associated with more quiescent systems (e.g. NGC 4649; Humphrey et al. 2008) . Transitioning from the fully cold mode to hot mode, the accretion rate experiences a strong suppression, from 100× to a small fraction of the Bondi rate. Feedback heating becomes negligible, entropy starts to decrease, and the gaseous halo is allowed to cool again, restarting a new cycle: CCA/boosted feedback → rotating disk → hot mode/suppressed feedback.
Forthcoming observations of cold gas combining several wavelengths, e.g. via Herschel, HST, SOAR, CARMA, SKA, and the newly expanding ALMA observatory, will be instrumental to better probe chaotic cold accretion and the related predictions. Besides improving the sample size, the new data should be able to shed light on key astrophysical questions, as the amount of cold gas 'raining' on to the black hole, the kinematics of the cold phase (filaments, clouds, rotating disk), and its coupling with AGN feedback.
